This study presents a new plate-type falling film absorber design, consisting in a vertical grooved falling film absorber. The grooves are designed to obtain good absorber plate wettability, even at a low solution flow rate, resulting in a laminar solution flow regime. Using experimental and numerical tools, the vapor absorption on a LiBr falling film solution is characterized for different operating conditions. The impact of absorber length, cooling water inlet temperature, absorber water vapor pressure, solution inlet temperature, LiBr mass fraction and flow rate is investigated. Experimentally, a high absorption rate is achieved: as high as 7·10 −3 kg s −1 m −2 . Moreover, a 1D stationary model of water vapor absorption in a laminar vertical falling film is introduced and validated. Numerical investigations allow defining the absorber effectiveness for a wide range of operating conditions.
g acceleration due to gravity, m s 
Introduction
Absorption systems have been used for cooling applications for more than a century. Today, absorption technology emerges in different areas, especially for refrigeration [1] , heat pumping [2] or thermal storage [3, 4] applications. In spite of high investment costs and limited efficiency, the increase in the cost of electricity and environmental problems have made this heat-operated cycle more attractive for both residential and industrial applications. Absorption machines operate with a binary working fluid: a sorbent/sorbate couple. Among the most promising couples for the absorption cycle are the ammonia/water and water/lithium bromide (H 2 O/LiBr) combinations [4] . This paper focuses on the H 2 O/LiBr working pair, which presents the advantage of being environmentally friendly and does not present a hazard to human health. However, it must be operated at low pressure (a few kPa), making the process performance highly sensitive to leakage [5] . In these machines, the absorber, in which the exothermal absorption phenomenon and coupled heat and mass transfers occur, is one of the main components. It is known to be the least efficient of all the subcomponents of the absorption system, mainly due to the low mass diffusion coefficient of water into the LiBr solution [6] . Moreover, the heat released by the absorption phenomenon at the solution interface leads to an equilibrium condition displacement that limits the phenomenon. Therefore, the absorber is usually the bulkiest and most costly exchanger of the absorption machine. Moreover, its design has a significant impact on the size, cost and performance of system [7] .
Among existing absorber technologies, the falling film exchanger is an effective technology for the absorber. It generates a significant exchange surface between the sorbate (water vapor) and the absorbent (LiBr solution) and facilitates the heat transfer from the falling film to the exchanger's cold surface. However, one of the drawbacks of falling film exchangers is the maldistribution of the film on the exchanger surface, which affects flow uniformity at low Reynolds numbers [8] . This well-known phenomenon has encouraged the development of dry patches on the plate and increased the liquid film thickness on the wetted areas [8] [9] [10] . The non-wetted areas do not participate in the absorption process, thus decreasing the useful absorber surface and the absorption rate. Heat transfers in wetted areas are also lower compared to the perfect wetted situation, due to the greater thickness of the film. The comprehension and improvement of the vapor absorption rate into falling film absorber has been the subject of several numerical and experimental studies. The non-wetted areas can be reduced by increasing the flow rate [11] , which affects the machine's efficiency [12] , by reducing the absorber length or by using chemical and physical surface treatments to increase the absorber surface hydrophilicity and thus its wettability. Furthermore, several absorber falling film configurations have been investigated. The horizontal and vertical tube falling film exchangers are the most commonly implemented and studied [9, [13] [14] [15] [16] [17] . However, in order to develop compact absorbers, alternative configurations have been studied, but few studies are available on plate type falling film absorbers. Due to the possibility of accumulating a large number of plates in a small volume, this compact, inexpensive exchanger configuration is attractive, especially for small-capacity absorption machines [13, [18] [19] [20] . Furthermore, other studies have examined controlling the thermohydraulic characteristics of the LiBr solution falling film. Promising results were obtained using a hydrophobic membrane to limit the solution film's thickness [6, [21] [22] [23] . Another approach consists in macroscopically texturing the absorber plate surface. Mortazavi et al. [7] developed a 3D absorber surface structure integrating fin components in a vertical flat plate. This absorber design provided thin films and uniformly wet absorber surfaces. Thus, absorption rates up to twice as high as on conventional falling film absorbers were obtained. In this paper, a new plate-type falling film absorber design is presented: a vertical grooved falling film absorber. The grooves are designed to obtain good wettability of the absorber plate, even at low solution flow rates, leading to a laminar solution flow regime. The operation and performance of this absorber are investigated using experimental and numerical tools developed for this purpose. In the first part of this paper, the vapor absorption rate of the exchanger is characterized experimentally for different operating conditions and compared to numerical results. In the second part, its performance is numerically studied for a wide range of operating conditions.
Experimental set-up and protocol

Absorber design
The absorber studied is composed of two welded stainless steel vertical plates within which a heat transfer fluid flows. The plates are 3 mm thick, 100 mm wide. Two absorber lengths (300 mm and 500 mm) are studied in this paper (Figure 1 ). The solution film flows on the external sides of the plates (considering experimental constraints, the results presented in the present paper were obtained with a single wetted side of the exchanger by the solution). The external surface on which the solution flows is grooved. The vertical grooves are 4 mm wide (ls in Figure 1c ) and mm deep. The fins separating the grooves are 2 mm wide. Therefore, the effective wet width of the heat exchangers is 60 mm. The widths were chosen to ensure the entire wetting of the base of the grooves. Considering the contact angle between the LiBr solution and the stainless-steel plate close to 90 [7] and the capillary length of the LiBr solution in the standard condition of use (x i = 60 %wt; T s,i = 30
≈ 2.25mm), the ability of different groove widths to ensure good surface wettability was compared. The width range studied was between 0.5 and 8 mm, and the film Reynolds numbers lower than 400 (laminar flow). Stainless steel is known to be a low wetting substrate for aqueous solutions such as LiBr/H 2 O solutions (the contact angle is typically between 80 and 90°). Tests show that when the groove width is lower than the capillary length, gas is entrapped at the wedge of the grooves and liquid is progressively expelled from the grooves due to a surface tension effect (the solution then preferably flows outside of the grooves). Surface tension effects become negligible when groove width becomes greater than the capillary length, allowing the liquid to wet the base of the grooves. When the grooves are too wide compared to the capillary length (l s > 2 L cap ), the solution never wets the entire base of the grooves for the flow rate range studied. Grooves 4 mm wide ensure satisfactory wetting of the base of the grooves and were therefore chosen for the further design of the absorber. Consequently, grooved plates present the advantage of ensuring significantly greater wetting of the exchange surface compared to flat plate configuration, especially at a low flow rate, as with absorbers. This absorber technology is simple and easy to implement using traditional machining techniques. It is a promising technology for absorption processes. Morover the surface tension effects and the pinning of the triple line of the solution on the side walls of the grooves prevents the formation of wavelets on the film and ensures a laminar flow regime without wavelets on the surface for the entire range of Reynolds numbers studied. The development of wavelets is known to intensify heat and mass transfer along falling films. The stabilization of the free surface flow provided by the grooves can be considered an undesirable effect from the engineering point of view. From the academic point of view, this flow stabilization makes it possible to use standard laminar modeling in good agreement with experiments, because the heat and mass transfer along wavy laminar film is a partially resolved scientific problem. The LiBr solution is distributed homogeneously within the grooves at the top of the exchanger by a specially designed solution distributor and flows down inside the grooves along the plate (see Figure 1 ). The solution is collected at the base of the exchanger by a solution collector. The distributor and collector are 40 mm high. Thus, the effective length of the falling film on the plate is 220 and 420 mm for the 300 and 500 mm long plates, respectively. Finally, a heat transfer fluid (water) flows in internal rectangular channels (of e htf x l htf = 2 mm x 4 mm) parallel to the exchanger slots. In this study, the LiBr solution and the heat transfer fluid flow in the same direction (downwards). This configuration was selected to obtain a quasi-1D configuration related to heat transfers. This choice moderates the heat transfer coefficients on the heat transfer fluid side in standard exchanger flow configurations (flow regime leading to temperature differences of the heat transfer fluid equal to about 5
• C). These low heat transfer coefficients were compensated in the present study by an increase of the heat transfer fluid flow rate, thus reducing the temperature differences of the heat transfer fluid by about 1
• C. A cross/counter flow configuration is preferred in industrial configurations and will be studied in the future.
Experimental bench design
An experimental bench was developed to characterize the performance of absorbers dedicated to absorption of water vapor in an LiBr solution. The layout of the experimental set-up is given in Figure 2 and its main features are reported in Table 1 . This experimental bench was designed to ensure stable running conditions for the absorber (solution flow rate, inlet LiBr mass fraction and temperature, working pressure, wall tem- perature). It is composed of a LiBr solution line and a refrigerant (water) line. The solution line consists of an absorber placed in the low-pressure tank (LP tank), a desorber (coil exchanger) contained in the high-pressure tank (HP tank), two circulating pumps, two heat exchangers (SHX1 and SHX2) and a solution reservoir (reservoir 3 in Figure 2 ). The water line consists of an evaporator in the LP tank, a condenser (double envelope tank at high pressure), two water reservoirs (1 and 2 in Figure 2 ) and a circulating pump. In the solution line, the strong LiBr solution (i.e., at high mass fraction of LiBr) at high temperature (50-70
• C) exits the HP tank, then is cooled to a controlled temperature by the plate heat exchangers SHX1 and SHX2. In the heat exchanger SHX2, the solution is cooled using a heat transfer fluid (HTF) whose temperature (between 20
• C and 40
• C) is controlled by a thermostatic bath (bath 1). The solution is transferred to the top of the absorber located in the LP tank, where the absorption phenomenon occurs. The absorber can be cooled by an HTF (water) whose temperature is controlled by a thermostatic bath (bath 2). The weak solution then circulates from the LP tank to a buffer reservoir (reservoir 3). It is then sucked in by a circulating pump and injected into the HP tank, passing through the SHX1 heat exchanger, to be regenerated. At the same time, water is pumped from reservoir 1 to the top of the falling film evaporator. Evaporation occurs by recovering the heat from a heating circuit whose temperature is controlled by a PID controller using thermostatic bath 3, in order to achieve a constant pressure within the LP tank. The water leaving the evaporator is collected at the base of the evaporator and returns to water reservoir 1. At the same time, the water leaving the condenser is collected and stored in water reservoir 2. Water reservoirs 1 and 2 are separated by a valve.
Instrumentation and uncertainty measurements
The prototype was strongly instrumented in order to characterize the vertical grooved exchanger performance. The sensor locations are presented in Figure 2 . Their characteristics are summarized in Table 2 . The measurement points are:
• The density and the mass flow rate of the LiBr solution and the water falling films (solution line and water line) are measured at the inlet and outlet of the absorber and at the inlet of the evaporator, respectively, with Coriolis mass flow meters (OPTIMASS 6400C -KROHNE®). The measurement accuracy (density and the mass flow) is 0.1% of the measured value.
• The flow rates of the HTF circulating through the absorber and the evaporator are measured using two electromagnetic flow meters (OPTIFLUX 1100C -KROHNE®) located at the inlet of each of these heat and mass exchangers. The measurement accuracy is less than 2% of the measured value.
• One pressure sensor (ADIXEN ASD 2002) is located in each of the HP and LP tanks. Their accuracy is 0.5% of the measured value.
• 16 K-type thermocouples measure the LiBr solution and water temperatures at the inlet and outlet of the absorber, desorber, evaporator, heat exchangers SHX1 and 2 and at the inlet of the Coriolis flow meters. The cold junctions are located in an insulated box whose temperature is measured by a high-accuracy PT100 (0.05
• C). Thermocouples were calibrated using a reference probe. Measurement accuracy is estimated to be ±0.15 
< ± 16% of the measured value (from enthalpy balance) Acquisition was performed using an Agilent 34972 A LXI Data acquisition unit. The acquisition frequency is set at 0.2 Hz. The LiBr physical properties were determined using correlations provided by Ref. [24] . The vapor absorption mass flow rate can be calculated using two methods: based on a mass balance or an enthalpy balance. The first method uses the absorber inlet solution mass flow rate and inlet and outlet solution mass fractions. The absorption mass flow rate is calculated as:
The accuracy of the absorbed mass measured is given by:
with ∆x and ∆m s,i the uncertainty on the mass fraction and the mass flow rate measurements, respectively (see Table 2 ). For a low mass fraction difference between the inlet and outlet of the exchanger, the mass flow rate term uncertainty (∆ṁ s,i ≈ 0.1%) is negligible compared to the mass fraction term uncertainty (∆x ≈ 35%) and the accuracy can be evaluated as:
For example, for a mass fraction difference of 0.005%wt, the absorbed mass uncertainty is estimated as 36% of the calculated value. In this study, the small absorber lengths do not allow obtaining significant mass fraction differences (0.005-0.7%wt), so the absorption rate cannot be calculated accurately with this mass balance method. A second method, based on an enthalpy balance on the LiBr solution, calculates the absorption mass flow rate. These calculations were detailed and compared by Flores [25] . In this method, the outlet solution mass fraction and flow rate measurements are not used and the outlet enthalpy is estimated from a first-order Taylor expansion:
with h s,i the inlet solution enthalpy, h s,x i ,Ts,o the solution enthalpy at the inlet mass fraction and outlet temperature and ∂h ∂x x i ,Ts,o the derivative of the enthalpy as a function of the mass fraction, at the inlet mass fraction and outlet temperature. The enthalpies and these derivatives are determined from the solution temperature and concentration measurements and using correlations provided by Ref. [24] . From the total mass balance:ṁ
and the salt mass balance:
we can write:
Therefore, the energy balance is:ṁ
withQ htf the heat exchanged with the HTF (in adiabatic conditions,Q htf = 0 W ; in cooled conditions,Q htf < 0 W. Finally, an analytical solution of the absorption rate is obtained:
The uncertainty values of the calculated parameters are summarized in Table 2 . Using the methodology suggested by Moffat et al. [26] , function uncertainty is calculated numerically using the uncertainty contribution of each variable of the function measured. The accuracy of the absorption mass flow rate calculated using the enthalpy balance is then evaluated at 11% for the experiment, with a mass fraction difference of 0.005%wt, and to be less than 16% of the calculated value, for all the operating conditions studied in this paper. Therefore, in this paper, only the absorption mass flow rate calculated with the enthalpy balance method is used.
Experimental protocol
Two vertical grooved absorbers (220 mm and 420 mm long) were characterized. The absorption flow rate of these absorbers was determined for different experimental conditions: two operating modes (adiabatic and cooled, with various absorber cooling intensity levels), various solution flow rates, and various temperatures and mass fraction conditions. In adiabatic mode, the heat transfer fluid flow rate is set at zero. The absorbing falling film does not exchange any heat with the exchanger plate. The heat generated by absorption is then entirely used to heat the solution film. However, the absorption is still possible given the inlet solution equilibrium deviation with the vapor (the solution inlet temperature is lower than the equilibrium temperature at the reactor vapor pressure). In the cooled mode, the HTF flow cools the absorber. The HTF flow is not sufficient to ensure a uniform temperature of the plate. In the isothermal case, the HTF flow rate is high enough to ensure an HTF temperature difference less than 0.2
• C and therefore the temperature of the plate is uniform. In the following, the Reynolds number of the falling film is defined as:
with l s the effective width (wet width) of the absorber. The Reynolds number is determined using inlet conditions (mass flow rate temperature and mass fraction of the LiBr solution).
In the Reynolds number range tested (15-350) the solution flow is laminar. The experimental conditions tested are summarized in Table 3 . These conditions correspond to standard operating conditions of the absorption machine [9, 12, 27] . The results presented in the following sections are averaged values over 15 min of recorded data when the steady state is reached. The system is considered to have reached the steady state when the variation of the absorbed water mass flow (calculated using eq. (4)) is less than 5 · 10
kg s −1 (around 5% of the total absorbed water mass flow) over a minimum duration of 15 min. Furthermore, in order to limit the presence of noncondensable gases and although the air leaks are low in this experiment (around 0.2 Pa h −1 for the LP tank when the pressure is 20 mbar, and around 1 Pa h −1 for the HP tank when the pressure is 5 mbar), the noncondensable gases were expelled before each experiment using a vacuum pump. The vacuum pump did not run during the experiments so that it would have no impact on the mass balances calculated between the evaporator and the absorber.
Absorber model
Model description
A 1D stationary model was developed at the LOCIE laboratory to describe water vapor absorption on a vertical falling film exchanger. The exchanger modeled is composed of a metal plate, where the LiBr solution flows, placed in a saturated water vapor vessel, permitting the interaction between the vapor and the LiBr solution. The absorber plate is cooled by a heat transfer fluid circulating inside the metal plate (see Figure 3) . This model has already been described in detail in previous papers [28] ; therefore, only the main hypotheses and equations are presented here. The modeling approach consists in a nodal division along the solution falling film, the solution vapor interface, the metal plate and the heat transfer fluid. For the absorbers described in section 2.1, the absorber is discretized into 400 identical elements. The energy balance on these elements as well as mass and species balance for the falling film solution are solved under stationary conditions. The model was implemented using the Octave® software. Additional simplifying assumptions are used:
• The solution flow is laminar. The development of boundary layers at the vapor/solution and wall/solution interfaces is considered and depends on the variation of the heat and mass convection coefficients along the absorber.
• The solution at the vapor/solution interface is considered at equilibrium with the vapor phase.
• The heat conduction along the vertical absorber plate is ignored.
• The heat and mass exchanged between the phases for each element are calculated 11 with the average temperatures and mass fractions of each phase (T =
• The variations of the kinetic and potential energies of the fluids are ignored.
• Lithium bromide salt has a very low vapor pressure and is assumed in this analysis to be nonvolatile [29] . Moreover, it is considered that there is no noncondensable gas in the absorber vessel. The gas in the system is therefore assumed to be pure water vapor
• The vapor pressure is considered homogenous
• There are no heat exchanges with the environment. From these assumptions, the mass, energy and species balance on the different elements are written as follows:
-Mass, species and energy balance of the solution film:
-Mass and energy balance at the interface between the vapor and the solution film:
12 with x int the equilibrium condition at the interface between the vapor and the solution film:
-Energy balance of the heat transfer fluid:
-Energy balance at the interface between the solution film and the absorber wall:
-Energy balance at the interface between the heat transfer fluid and the absorber wall:
The convective heat and mass transfer coefficients at the solu tion film interfaces (α s,w , α s,int and β s,int ) are calculated using the correlations obtained by Brauner for a laminar LiBr solution film flowing over a constant temperature plate surface [30, 31] . The calculation of these coefficients requires the determination of the solution film thickness. This is calculated using the equation developed by Carey [32] for a laminar film considering a parabolic velocity profile. The convective heat transfer coefficient between the heat transfer fluid and the absorber plate (α htf,w ) is calculated by the classical Dittus-Boelter equation for an internal flow when the flow is turbulent [33] and with the correlations described in Refs. [20, 33] when the flow is laminar. No transitional flow for the heat transfer fluid is considered in this model: the flow evolves from laminar directly to turbulent (and inversely) at a fixed Reynolds number of 4000.
Absorption simulation
The changes in the temperature and mass fraction of the solution along the 420-mm absorber plate for nominal conditions (T s,i = 30 • C; Re = 100; x i = 60 %wt; p v = 1000 Pa) are given in Figure 4 for two operating modes: isothermal (the absorber plate is cooled at a constant temperature) and adiabatic (no cooling of the absorber plate). Figure 4a and b shows that the absorption phenomenon leads to a sudden temperature increase at the interface in both adiabatic and isothermal conditions (from 30
• C to 43
• C) from the solution film entrance (z ≈ 0). In isothermal mode, the temperature of the interface Ts,int reaches a maximum at z = 13 cm before decreasing slowly. The difference between the interface temperature and the average temperatureT s of the film decreases in the upstream part of the plate and remains quasiconstant downstream. This can be explained by the entry length (the length for which the thermal boundary layer that develops from the interface reaches the plate: around 4 cm in this case, see Figure 9 ) effect, which leads to a high heat transfer coefficient at the entrance. Since the interface is at equilibrium with the vapor phase, the LiBr mass fraction at the interface is directly related to its temperature, as can be seen in Figure 4 : the interface mass fraction evolves with the interface temperature. The LiBr average mass fractionx s decreases continuously along the plate due to absorption, and the LiBr mass fraction difference between the bulk liquid and the interface (x − x int ) is only slightly affected by the distance z downstream of the thermal entry length. Temperature and mass fraction changes along the plate in the adiabatic mode are similar to the change in the isothermal mode in the first few centimeters on the plate (in the entry length) and differ downstream. The interface and the bulk temperatures increase continuously along the plate, with the film only heated at its interface by the continuous exothermal absorption of vapor. The difference between the temperature of the interface and the average film temperature continuously decreases along the film and becomes negligible at the end of the plate. The stabilization trend of the film temperature shows the end of the absorption process. The mass fraction difference between the interface and the bulk liquid also decreases continuously along the plate but remains considerable at the end of the plate, the mass diffusion coefficient being significantly smaller compared to the thermal diffusion coefficient. The cooling effect of absorption machines is directly related to the amount of water absorbed by the solution film at the absorber. Using the model presented, the amount of vapor absorbed by the solution per unit of wetted width in nominal conditions for the adiabatic and isothermal modes are 5.37 kg h −1 m −1 and 6.93 kg h −1 m −1 , respectively, for a 220-mm-long absorber and 6.2 kg h −1 m −1 and 9.9 kg h −1 m −1 for a 420-mm-long absorber. The amount of vapor absorbed by the solution determined by the ex-periments will be compared to simulations below.
Model validation
The 1D model of water absorption in a laminar falling film was compared to experimental results for a wide range of operating conditions obtained by the test bench presented in section 2. The solution mass flow rate (Reynolds number), inlet temperature, inlet solution mass fraction and subcooling effect (the absorber is cooled by a heat transfer fluid whose subcooling temperature difference is (∆T cool = T s,i − T htf,i ) were investigated ( Figure 5) . Experimental results are presented in the annex and will be discussed further in section 4. For a Reynolds number higher than 50, the model slightly overestimated the absorbed mass by a mean 8.7% (maximum 22%) for the 220-mm plate and 3.6% (maximum 10%) for the 420-mm plate. For Reynolds numbers lower than 50, higher deviations between experimental and numerical results are observed. Indeed, in this case, the model overestimates the mean 36% absorbed mass, with a 69% maximum. This is mainly due to the low wetting of the absorber plate observed experimentally [9] for very low flow rates, resulting in dry regions on the absorber that do not participate in the absorption phenomenon. This difficult wetting phenomenon has already been observed in other experiments and is not considered by the model [7, 9, 10] . Another explanation could be the presence of noncondensable gases in the LP tank, which strongly affects the absorption phenomenon even in a very low proportion. 
Absorber performance
This section presents an investigation of the vertical grooved falling film absorber performance, for laminar regimes and for different operating conditions (temperature, mass fraction, flow rate, etc.). In an absorber dedicated to cooling machines, the heat exchanged at the evaporator is directly proportional to the vapor absorbed by the absorber. Therefore, absorber performance is studied using experimental and numerical tools and quantified through the mass of vapor absorbed by the solution falling film (i.e., absorption rate). All the experimental results presented in this section are detailed in the annex.
Influence of the falling film mass flow rate
The influence of the solution mass flow rate on the absorber performance was evaluated for inlet Reynolds numbers of the solution falling film (eq. (5)) ranging from 15 to 350; the other parameters (pressure, inlet solution temperature, concentration, etc.) were maintained at the nominal conditions described in Table 3 . Figure 6 presents experimental and numerical absorption rates for the adiabatic operating mode of 20-mm-and 420-mm-long absorber plates (see section 2.1). Figure 7a shows the influence of the Reynolds number on the absorption rate in the cooled configuration. The solution flow rate strongly influences the absorption rate. For both absorber lengths studied, the absorption rate increases approximately three times when the Reynolds number increases from 50 to 300. The flow rate increase makes renewing the solution in contact with the vapor faster and therefore favors absorption. The thickening of the liquid film (caused by the flow rate increase) increases the thermal inertia of the solution. This effect increases the absorption capacity of adiabatic falling films. On the other hand, it increases the thermal resistance between the interface and the plate and thus reduces the cooling capacities of the absorber.
As observed in previous studies [7, 34] , the increase of the absorption rate is almost linear at a low flow rate (Re < 100) and slows down at higher flow rates. As can be deduced from Figure 4 , the surface absorption rate decreases with the distance from the top of the plate. The surface absorption rate drops to zero when the bulk liquid film is at equilibrium with the vapor. The plate length needed by a solution film in nominal adiabatic conditions (Re = 100; p v = 1000 Pa; x i = 60% wt; T s,i = 30
• C) to reach equilibrium with vapor is about 0.5 m. Therefore, the absorption rate of films flowing over 0.5-m-long adiabatic absorbers varies linearly with the solution mass flow rates for Re < 100 (the solution being at equilibrium with the vapor at the end of the plate). For higher solution mass flow rates, the absorption rates decrease, and the deviation from equilibrium of the solution with vapor at the end of the plate increases with the solution flow rate. The maximum vapor flow rate that can be absorbed by the solution in adiabatic conditions (ṁ max abs−ad , corresponding to the vapor flow rate absorbed by an infinitely long absorber) can be calculated by solving a set of five equations: Figure  6 . The distance between the dotted line and the experimental points shows the degree of deviation from equilibrium of the outlet solution. In other words, when experimental points are located on the dotted line, the solution is at equilibrium with the vapor at the end of the plate. If not, the bulk solution has not reached the equilibrium at the end of the plate. The maximum Reynolds numbers for which the solution in nominal adiabatic conditions reaches equilibrium with vapor at the end of the 220-mm-and 420-mm-long plates can be estimated using Figure 6 , and are respectively close to 70 and 120.
Cooling effect
The cooling effect of the absorber plate is studied in this section. In this case, an HTF flow, whose inlet temperature is controlled, circulates inside the absorber wall (see section 2.4) and cools the LiBr solution falling film. The other parameters, except the solution flow rate, are kept constant at the nominal conditions listed in Table 3 . Contrary to the adiabatic mode, the warming of the solution is not the main parameter that governs heat and mass transfer. Heat transfer coefficients between the film and the heat transfer fluid as well as the mass transfer coefficient between the interface and the bulk liquid film have a greater influence on the absorption rate. The length of the plate needed by a solution film in cooled conditions to reach equilibrium with vapor is significantly higher (a few meters) than in adiabatic mode. Contrary to the adiabatic case, the solution is never at equilibrium with vapor at the end of the exchangers studied. However, the degree of deviation from equilibrium of the solution with the vapor is substantial and leads to larger mass transfer compared to the adiabatic case. The maximum vapor flow rate that can be absorbed by the solution film in cooling mode can be calculated for an infinitely long counter-courant absorber, for which heat transfer begins downstream of an initial adiabatic absorption zone. The highest temperature that can be reached by the solution is that obtained at the end of the adiabatic zone when complete absorption is reached. This temperature can be reached by the heat transfer fluid if the fluid that imposes its temperature at the end of the absorber (solution outlet) is the solution (if the limiting fluid is the HTF). The maximum temperature value can be calculated using equations (20)- (24) . The heat flux transfer to the HTF is given by equation (25):
Cooling effect on the maximum absorption rate
The minimum temperature that can be reached by the solution is the HTF temperature if the limiting fluid is the solution (if the fluid that imposes its temperature at the end of the absorber is the HTF). The heat flux transfer to the heat transfer fluid is given by equation (26):
The limiting fluid is the heat transfer fluid ifQ htf −1 <Q htf −2 Otherwise, the limiting fluid is the solution. When the limiting fluid is the HTF, the maximum vapor flow rate that can be absorbed by the solution film in cooling modeṁ max abs−cool can be calculated by solving a set of five equations: equations (20)- (24), equation (22) being replaced by equation (27) : Figure 8 shows the maximum vapor flow rate that can be absorbed by the solution for an infinitely long absorber as a function of the solution Reynolds number and the HTF flow rate in nominal conditions (T s,i = T htf,i = 30
• C, x i = 60%wt; p v = 1000 Pa). The amount of vapor that can be absorbed by the solution increases as the HTF flow rate increases (increase of the cooling capacity). The maximum absorption rate varies linearly with the solution Reynolds number in adiabatic and isothermal mode. It is controlled by the HTF flow rate in cooling mode when the limiting fluid is the heat transfer fluid. In this case, the maximum absorption rate increases with the solution Reynolds number.
HTF Inlet temperature effects
In the experiments presented, the absorber cooling is not very efficient, due to the low heat transfer coefficient between the absorber and the heat transfer fluid. For example, for the nominal conditions (see Table 3 ) the thermal resistance between the heat transfer fluid and the absorber wall (R htf = 1 α htf −w = 0.00083 K m 2 W −1 ) is the main limitation to the overall heat transfer. The thermal resistance in the wall and between the wall and the film (Table 3) for different cooling conditions. (Table 3) .
are, respectively, R w =
This is especially caused by the low heat transfer fluid flow rate (chosen to obtain accurate values of the heat evacuated by this fluid), and the nonoptimal internal channel geometry. Therefore, to increase the cooling effect, an inlet cooling temperature (T i,htf ) lower than the solution inlet temperature was imposed. Different inlet cooling temperatures were tested on the 220-mm-long absorber plate. Figure 7a and b presents the absorption rate as a function of the solution Reynolds number and the inlet HTF temperature (presented as a subcooling temperature difference:
abs−iso for the isothermal condition as a function of the inlet Reynolds number is plotted with a dotted line in Figure 7a . Contrary to the adiabatic condition, the solution is never at equilibrium with vapor at the end of the exchanger. The degree of deviation from equilibrium of the solution with the vapor is very high and leads to a higher absorption rate compared to the adiabatic condition. As observed in previous numerical and experimental studies [7, 14, 15] , Figure 7b shows that the absorption rate increases quasi-linearly as the HTF inlet temperature increases. A lower HTF temperature decreases the solution interface temperature and consequently increases the deviation from equilibrium and then the absorption rate. However, the lower the flow rate of the falling film, the more significant the impact of increasing the subcooling (i.e., increasing ∆T ) is. For low Reynolds numbers (30 ≤ Re ≤ 50 in Figure 7b ), the absorption rate increase is about 150% for a subcooling temperature increases of 20
• C. The absorption rate increase falls to 70% for a Reynolds number around 130. Moreover, for Reynolds numbers higher than 180, the subcooling temperature has no significant impact on the absorption rate for this absorber. Two effects play an important role in this phenomenon: the increase of the film's thermal resistance, which increases as the film thickness increases, and the increase of the entry length (the length for which the thermal boundary layer that develops from the interface reaches the plate; see Figure 9 ), which increases as the Reynolds number rises. Note that in the cooled falling film configuration, the interface of the falling film is affected by the cooling effect of the plate only when the thermal boundary layer that develops from the plate reaches the interface of the film. Therefore, the greater the flow rate and the longer the entry length, the less the length is affected by the cooling effect. These two effects limit the cooling of the solution interface, and therefore the absorption rate, when the solution flow rate increases. Figure 9 shows the changes in the establishment length Lth of the thermal boundarylayerin the solution fallingfilm and for the nominal conditions. It is calculated using the following equation [25] :
Re · P r (28) Figure 9 shows that, for the 220-mm-long exchanger plate, the HTF is no longer heated by the solution film as soon as the Reynolds number of the falling film exceeds 375. For a Reynolds number of 200, the thermal boundary layer establishment length is around of 21 100 mm. The effective film length whose interface is influenced by plate cooling is therefore about 120 mm. For the falling film Reynolds numbers (15e350) studied, the HTF flow of the experimental bench is not sufficient to adequately cool the LiBr solution (the temperature is imposed by the solution; case 'b' presented in section 4.2.1).
The entry length L dif of the diffusion boundary layer in the solution falling film for the nominal conditions is calculated using equation (29) [25] :
In the range of Reynolds numbers studied, the diffusion entry length is about 100 times longer than the thermal entry length. This means that for a high efficient absorption process, the absorption rate is controlled by diffusive effects.
Equilibrium deviation effects
In an absorption process, the inlet driving force is defined as the difference between the solution equilibrium conditions at the inlet and the actual solution inlet conditions. It can be defined as a function of pressure (∆p eq = p eq (T s,i ,
Usually, the greater the inlet driving force, the greater the absorption rate is. Thus, any change in the inlet solution conditions results in a change in the driving force and then in the vapor absorption rate. The effect of the solution inlet conditions (x i , T s,i ) on the absorption rate is shown in Figure 10 for the adiabatic condition of the 220-mm exchanger. Experiments with different inlet solution temperatures • C) and inlet solution mass fractions (57-60%wt) were conducted (the other test parameters were kept constant at the nominal values listed in Table 3 ). The overall results of these experiments are presented in Figure 10 using D T eq (the nominal conditions correspond to ∆T eq = 17.5
• C). The equilibrium conditions are calculated using the LiBr solution properties defined in Ref. [24] and measurements of the absorber pressure and inlet temperature and mass fraction (see section 2.3). The absorption rate increases linearly with the driving force. Moreover, the absorption rate increases from 5·10 −5 kg s −1 to 15·10 −5 kg s −1 when the inlet solution temperature changes from 40
• C to 20
• C (i.e.,∆T eq changes from 10
• C to 27.7
• C). Similarly, the absorption rate increases from 6·10 −5 kg s −1 to 10·10 −5 kg s −1 when the inlet LiBr mass fraction changes from 57%wt to 60%wt (i.e., ∆T eq changes from 12
• C to 18.7
• C).
Absorber effectiveness
It is interesting to characterize the absorber performance using mass effectiveness ( m ), which can be defined as the ratio between the actual absorption rate (ṁ abs ) and the maximum absorption rate (ṁ (30) The maximum absorption rate would be obtained in an infinitely long counter-flow absorber. It depends on the solution and HTF inlet conditions and can be calculated using the mass, species and energy balance equations of the absorber (as explained in section 4.1). The exchanger effectiveness for the adiabatic and isothermal conditions and for two exchanger lengths (220 mm and 420 mm) are presented in Figure 11 . The simulations were carried out for a Reynolds range of 0-300 and a driving force (∆T eq ) range of 0-35
• C. The solution inlet conditions were set at the nominal conditions (see Table 3 ) and the vapor pressure was changed from 2635 Pa to 345 Pa (to change the driving force).
635 Pa to 345 Pa (to change the driving force). Figure11 shows that the effectiveness is greater in the adiabatic than in the isothermal mode. Indeed, in the first case the effectiveness ranges from 1 to 0.4, while it ranges from 0.54 to 0 in the second case. However, greater effectiveness in the adiabatic case does not correspond to a higher absorption rate since the maximum vapor mass flow rate that can be absorbed by the solution differs significantly between the two configurations (see Figure 8) . The very low effectiveness in the isothermal mode, especially for Reynolds numbers higher than 50, is caused by three different effects that limit absorption: the water mass diffusion within the solution liquid film, which is significantly smaller than the thermal diffusion (as explained in section 4.2); the warming of the solution, which affects equilibrium at the interface; and the heat transfer coefficient between the plate and the liquid film in the laminar regime, which decreases as the Reynolds number increases. As presented in Figure 9 , the Figure 11 : Absorber effectiveness as a function of the inlet equilibrium deviation factor and the inlet solution Reynolds number, a) for the adiabatic condition of the 220-mm absorber; b) for the adiabatic condition of the 420-mm absorber; c) for the isothermal condition of the 220-mm absorber; and d) for the isothermal condition of the 420-mm absorber.
exchanger length necessary for the falling film to perceive the cooling effect of the plate is around that of the exchanger length for the range of Reynolds numbers studied. For the geometries studied (220 mm and 420 mm long), the cooling impact is therefore limited and does not significantly increase the absorber performance. Furthermore, Figure 11 shows that the effectiveness decreases as the Reynolds number decreases in both adiabatic and isothermal conditions. This phenomenon was highlighted in section 4.1 because of the increase in the entry lengths of the thermal boundary layers with the increasing Reynolds number. For the same absorber length, the higher the entry lengths, the lower the absorption rate and the lower the absorber effectiveness. In contrast, as shown in Figure 7 , increasing the absorber length increases its absorption rate and therefore its effectiveness. Figure 11a and b shows that, in the adiabatic case, the driving force (equilibrium deviation temperature) has a low impact on effectiveness. In the range of driving force studied, the absorption rate evolves quasi-linearly with the driving force (see section 4.3) . Therefore, at a constant Reynolds number, the effectiveness decreases slightly (less than 5%) with the driving force. This low level of change can be explained by the variation of the solution's thermophysical properties caused by the change of the equilibrium temperature (due to the change of the operating pressure). For the isothermal case (Figure 11c and d) , two different impacts of the driving force are observed. At low driving force (∆T eq < 15
• C), the effectiveness evolves in a similar way to the adiabatic case. In contrast, for higher driving forces, a substantial decrease of the effectiveness can be observed as the driving force increases. This is partly due to the nonlinear evolution of the maximum absorption rate with the driving force, caused by the nonlinear evolution of the solution's equilibrium (due to the considerable variation of the solution's mass fraction along the absorber in the isothermal configuration with high driving forces), as can be seen in Figure 12 . 
Conclusion
This study investigates a plate-type falling film absorber. An innovative absorber design consisting in a vertical grooved falling film absorber designed to obtain good wettability of the absorber plate, even at low solution flow rates, leading to a laminar solution flow regime.
The knowledge of the absorption characteristics of this absorber is a key point for its sizing. Using experimental and numerical tools, the operation and the performance of this absorber were investigated for the water/LiBr working pair, through the quantity of vapor absorbed by the solution falling film (the mass absorption rate). Absorption rate measurements were taken on large-scale absorbers (100 mm wide x 220/420 mm long). The impact of several design and operating conditions (absorber length, cooling water temperature, solution temperature, mass fraction, flow rate, etc.) were studied. Experimentally, a high absorption rate is achieved: as high as 7·10 −3 kg s −1 m −2 . The strong influence of the solution flow rate and the driving force on the absorption rate was highlighted. In both cases, the absorption rate at least triples in the range of Reynolds numbers and driving force studied (i.e., 15-300 and driving force: 10-30
• C). Furthermore, the experimental results showed that the absorption rate increases linearly as the HTF inlet temperature decreases. The lower the falling film flow rate is, the greater this increase is. A 1D stationary model developed to describe the water vapor absorption on a laminar vertical falling film exchanger was presented and validated. This model was used to characterize the absorber performance, using mass effectiveness, for a wide range of operating conditions. At identical operating conditions, greater effectiveness in the adiabatic mode than in the isothermal condition was highlighted. The low effectiveness of the isothermal case stems mainly from the absorber length studied being close to the length necessary for the falling film to perceive the cooling effect of the plate in the range of Reynolds numbers studied. The next step is the design and the testing of a prototype of vertical grooved falling film absorber/desorber dedicated to a cooling machine (10 kW of cold production). The test of this prototype will allow demonstrating the feasibility of this absorber technology on a large scale.
Annex
All the experimental results presented in this paper are detailed in the following tables: Table . 4: Experimental results of the 220-mm absorber length for different solution flow rates in the cooled condition, with ∆T = T s,i − T htf,i = 0
• C. 
